I present a first-principles investigation of the vibrational properties of the chiral molecule 3-tertbutylcyclohexene. The vibrational density of states (vDOS) of the two existing conformers has been calculated ab initio within the framework of density-functional theory and density-functional perturbation theory, using both the local-density approximation and the generalized-gradient approximation for the exchangecorrelation potential. The vDOS of the two conformers are very similar. The vDOS has been investigated with respect to contributions of the cyclohexene ring and the tert-butyl group and also regarding the localization of vibrational modes. Additionally, the eigendisplacements of characteristic modes of 3-tertbutylcyclohexene have been analyzed. 
Introduction
Organic compounds play an important role in pharmacy and biophysics. In particular, the study of chiral carbonbased molecules has grown in the last years. One example is the conformationally flexible alkene 3-tert-butylcyclohexene [1] [2] [3] . 3-tert-butylcyclohexene is a detectable end product in the rabbit liver after hydrolysis [4] . Furthermore, this alkene is used as a basis for the formation of halohydrins in the preparation of epoxides [1] . Usually, 3-tert-butylcyclohexene is experimentally pro- The molecule 3-tert-butylcyclohexene is composed of a tert-butyl group and a cyclohexene ring as shown in Fig. 1 , where the two known conformers are displayed. It consists of 10 carbon (C) and 18 hydrogen (H) atoms with the cyclohexene ring containing a double bond and will be assigned as C10H18 in the following. For further explanations I number the C atoms in the ring anticlockwise from C1 to C6 with the double bond between C1 and C2. According to the name 3-tert-butylcyclohexene, the tertbutyl group (which is the most extended existing butyl group) is attached at the ring at the third atom C3. For a sketch of the atomic labels also see Fig. 1 . The main difference between conformer A (top panel of Fig. 1 ) and conformer B (middle panel of Fig. 1 ) is in the buckling of the cyclohexene ring.
To contribute to the structural determination of 3-tertbutylcyclohexene I investigate the structural stability of the two conformers by means of first-principles total energy calculations. The vibrational properties are analyzed because low-frequency vibrational modes can provide information on the structural stability of the system. To address the question if the two conformers could be distinguished in experimental Raman spectra I have calculated the vibrational density of states using ab initio methods. Anticipating changes or substitutions of the tert-butylgroup or the cyclohexene ring I analyze their contributions to the vibrational density of states. Furthermore, the localization of modes is inspected.
This article is organized as follows: In Sec. 2 I will give insight in the theoretical approaches on which my calculations are based and the choice of the convergence parameters used in my calculation. In Sec. 3 I discuss the ground state of the two conformers by comparing them structurally and energetically. In Sec. 4 I present the results for the vibrations of the molecules. Finally, I summarize and draw conclusion.
Computational details
In this section I describe briefly the theoretical background (Sec. 2.1) and the numerical accuracy (Sec. 2.2) of my calculations.
Theoretical framework
My ab initio calculations are based on density-functional theory [7, 8] (DFT) and density-functional perturbation theory [9] [10] [11] (DFPT) as implemented in the QUANTUM ESPRESSO package 1 . For the exchange-correlation potential I have used the local-density approximation [12, 13] (LDA) and the Becke-Lee-Yang-Parr [14, 15] (BLYP) generalized gradient approximation (GGA). The eigenfunctions have been expanded in a plane wave basis and norm-conserving pseudopotentials (Troullier-Martins [16] and von Barth 2 [17] ) were used.
The molecule is placed in a supercell and surrounded by vacuum to prevent the coupling to its periodic images. Due to the 0-dimensionality of the system, the k point sampling can be reduced to the Γ-point only. For the vibrational density of states (vDOS) I have applied a Gaussian broadening of 20 cm 
Convergence tests
The convergence tests with respect to the lattice constant of the orthorhombic supercell (lattice parameters , , and ), the kinetic-energy cutoff E cut determining the number of plane waves in the calculation and the parameters for determining the self consistency of the electronic relaxation have been performed for both LDA and GGA. Due to the similarity of the two conformers, I have used only one conformer for the tests. The supercell size is exclusively determined by the lattice parameter , since the / and / have been fixed with respect to the extension of the molecule. In addition to the convergence of the total energy I have explicitly monitored the convergence of the vDOS as a function of the corresponding computational parameters. In a first step I have varied E cut and . I found that the value of E cut = 65 Ry is necessary for a converged phonon calculation for both LDA and GGA. The parameter turned out to be slightly different for LDA and GGA: sufficient values are = 42 a B for LDA and = 46 a B for GGA. I have also analyzed the influence of self-consistency in the electron-density cycle on the vibrational frequencies, since in DFPT vibrational frequencies are obtained from a perturbation of the electron density. The parameters for the self consistency of the electronic ground state and also the self consistency of the perturbed electronic states affect the results for the vDOS. The self consistency of the iterations is usually checked against the variation of the total energy of the system and I have explicitly tested them against the vDOS. In my case, a rather small value for the ground state self-consistent cycle (conv_thr=10 −10 Ry) is required, in the perturbation theory cycle of the calculation (tr2_ph=10 −16 ), too, in order to obtain numerically stable results.
Results for groundstate properties
With the convergence parameters reported above I have performed a relaxation of both conformers. Conformer A is energetically more stable than conformer B which is in agreement with the results of McCann and Stephens [6] . The energy difference is very similar in LDA and GGA: 4.88 mRy for LDA and 5.42 mRy for GGA. The structural parameters (C-C bond length, dihedral angles, etc.) are listed in Tab. 1 (for the assignment of the atoms see Fig. 1 ). The LDA bond-lengths are smaller than the GGA ones. This is due to the common underestima- tion of atomic distances by LDA calculations. The same trend has been found for the C-H distances, however, the absolute differences are much smaller.
Inspecting the distances in more detail, one can see that the length of the bond C1-C2 is significantly smaller than the other C-C distances, because of the double bond between C1 and C2. The values calculated here are in agreement with reported values of other organic compounds. The C-H distance is mostly 1.1 Å, where the bond-lengths of H attached at C1 and C2 are slightly shorter and to atom C3 is slightly longer.
The dihedral angles (see Tab. 
Results for vibrational properties
After a brief discussion of the rotational and translational frequencies of 3-tert-butylcyclohexene (Sec. 4.1) I will inspect the vDOS of conformer A together with an analysis of the contributions of cyclohexene and tert-butyl to the spectra (Sec. 4.2). Then, I will determine the localization of the vibrational modes (Sec. 
Rotational and translational frequencies
In principle, in the exact solution of the frequency eigenvalue problem for an isolated system (like a molecule), the three rotational and the three translational frequencies are zero. However, due to the incompleteness of the plane-wave basis set used in my calculations and the limited size of the supercell, these frequencies do not vanish exactly. Nevertheless, they are very small. For conformer A, these frequencies are in the range of −37-54 cm for conformer A), it was necessary to determine the correct zero frequencies in order to eliminate them from the vibrational density of states and to avoid a mixing of the corresponding vibrational states. Especially for conformer B this task is important, since a first analysis of the eigenvectors of the small frequencies revealed that the smallest "true" frequency lies in between the two spurious ones.
To eliminate the vanishing frequencies from the vDOS, I have applied a post processing routine of QUANTUM-ESPRESSO that imposes the acoustic sum rule to a posteriori apply the corresponding symmetry operations and to force the spurious frequencies to be zero. This procedure did not noticeably affect the other frequencies. In the following I will refer to the post-procssed vibrational density of states as vDOS. 
Analysis of the vDOS: atomic contributions
The vDOS for the most stable conformer A (LDA) is presented in Fig. 2 ). In the frequency gap a single vibrational mode is found. The frequencies in the high-frequency range can be attributed to C-H vibrations, whereas all other frequencies have mixed C-C and C-H character.
To analyze the vDOS in more detail I have calculated the atomic contributions P sys to the vibrational modes according to
where the sum in the denominator runs over all eigenvectors ∆r of all atoms At , while the sum in the enumerator is restricted to a given subset. Here I have chosen the atoms of the cyclohexene ring (atom C1-C6 together with the attached H), the tert-butyl group (atom C7-C10 together with the attached H), all C atoms and all H atoms as different subsets. Note, that P cyclohexene + P butyl = 1 and P C + P H = 1 since I have applied the normalization condition At =1 |∆r | 2 = 1. The partial vDOS is calculated by multiplying the full DOS by the value of P sys . The partial vDOS of the tert-butyl group and the cyclohexene ring are shown in the middle panel of Fig. 2 . One can see that some spectral features of the vDOS can be attributed directly to the tert-butyl group: e.g., the doublepeak structure in the high-frequency range or the peak at ≈ 900 cm . Other spectral structures mainly arise from tert-butyl group but have the shape of features from cyclohexene, e.g., the three-peak feature at 150-500 cm . Only few spectral features can be fully attributed to the cyclohexene ring, e.g., the spectral region from 500-800 cm . From this analysis one can anticipate the spectral features that might change when the tert-butyl group attached to the cyclohexene ring is substituted or if the cyclohexene ring is varied. Likewise, the characteristic frequencies of the cyclohexene ring or the tert-butyl group could be used as fingerprints in vibrational spectra of other molecules (be it calculated or measured ones).
With regard to the partial vDOS of C and H I note that hydrogen dominates due to the smaller atomic mass (lower panel in Fig. 2) . Interestingly, at 1690 cm −1 the contributions are nearly equal (58% C and 42% H). Except for the high-frequency range where the modes are 99% due to H motion, there are no clear ranges that can either be attributed to only C or only H.
Analysis of vDOS: localization of modes
An analysis of the localization of vibrational modes in real space can provide information about potential changes in the vibrational spectrum. The more localized a vibrational mode, the more it can change in case of structural changes in the area of its localization. ) are more localized than any other mode. In particular the lowest mode contributing to this peak at 2865 cm
(it appears as a small peak in Fig. 2 ) is strongly localized with L = 0 97 and can be attributed to C3-H vibrations. This frequency is thus a good candidate for identifying differences between conformer A and conformer B. Another mode that is more localized than the neighboring modes can be found at 964 cm is also not particularly large (L = 0 21) and this mode is therefore not expected to differ significantly between the two conformers. Nevertheless, this is the mode with the strongest localization at a C atom. All other modes are more localized at H atoms. All values given here are for conformer A using LDA. However, similar values have been found for both conformers within LDA and GGA.
Comparison of LDA and GGA results
Since the calculation of the force constants and vibrational frequencies contains an electronic contribution, both will be dependent on the approximation made for the exchange-correlation functional. Between LDA and GGA, variations in the computed vibrational frequencies are typically small. The main difference usually arises from a difference in bond-length. As seen in Tab. 1, the C-C single bonds in the cyclohexene ring are approximately 0.03 Å shorter in LDA than in GGA and the difference in the C-C bonds in the tert-butyl group are even larger. The difference in the C-H bonds, on the other hand, is much smaller, of the order of <0.01 Å. In Fig. 3 I show a comparison between LDA and GGA for conformer A and B. The general shape of the vDOS is the same for LDA and GGA. The main difference is a shift of the mode in the frequency gap and an opposite frequency shift of the modes just below the gap. In order to isolate the influence of the bond-length to the spectra, I have performed an LDA calculation of conformer A using the relaxed atomic positions from the GGA calculation (not shown here). This reveals that the shift of the mode in the gap is exclusively determined by bond-length variations, whereas the peak just below the gap is not affected by this change in atomic positions. Thus, the latter variation of the vDOS is exclusively due to the choice of the approximation for the exchange-correlation potential.
Comparison of the vibrational spectra of conformer A and conformer B
I will now turn to an analysis of the two different conformers, whose vibrational spectra are shown in Fig. 4 . From the graph one sees that the differences between the two conformers are rather small. In some frequency ranges, e.g., between 500 and 1500 cm −1 , they are even smaller than the variations between LDA and GGA. However, in other ranges, where LDA and GGA yield nearly the same frequencies, the conformers can be distinguished by their vibrational spectra: for frequencies below 500 cm −1 a clear three-peak structure is found for conformer A, whereas this structure is strongly diminished for conformer B. Furthermore, at the high-frequency peaks around 3000 cm for GGA). This would imply that conformer A is energetically more stable than conformer B. In Sec. 4.2 I have seen that the low-frequency feature of the peak at 3000 cm is determined by motions of the cyclohexene ring, in particular by the C3-H vibration. The absence of this peak (shoulder) in the vDOS of conformer B points to a change in the cyclohexene ring (see also Fig. 2 ). Since the bond-length of the C-H bonds do not change significantly (a slightly larger change has been found only at the C3-H bond-length), this change in the spectra might be due to a different buckling of the ring which affects mainly the C3-H bond but not the others. In Sec. 4.6 I will inspect the eigenvectors of this vibration in detail. The analysis of the 0-500 cm −1 frequency range, where the three-peak structure is located, is more difficult. In Sec. 4.2 I have seen that this structure is determined mainly by the tert-butyl group, which is also responsible for washing out these features in conformer B. A comparison of conformer A and B by means of the eigenvectors in this range shows, that some modes have a similar vibrational character and are shifted only slightly in frequency. However, some other modes in between have no comparable vibrational displacements, even if the frequencies for conformer A and B are similar. The frequencies with a similar vibrational character are mainly those associated with tert-butyl. This leads to the conclusion that the structural difference between conformer A and B give rise to differences in the vibrational spectra, in particular in areas where the cyclohexene ring contributes significantly.
Characteristic frequencies
Frequencies that can be called "characteristic" for 3-tertbutylcyclohexene are those exhibiting displacements of cyclohexene (e.g., vibrations associated with the double bond) or those where the whole tert-butyl group is contributing and not only some of the alcane (CH 3 ) groups. Some of the characteristic frequencies are listed in Tab. 2 and the eigendisplacements are presented in Fig. 5 .
First I inspect the frequency in the frequency gap at ≈1650 cm
. This frequency is the double-bond (C1=C2) stretching frequency (see Fig. 5e ) and thus, it is characteristic for cyclohexene. This frequency would not appear if instead of cyclohexene a cyclohexane ring is attached to the tert-butyl group. However, this mode is not influenced by the buckling of the ring and does not vary between the two conformers.
Another important mode is the C3-H stretching mode (see Fig. 5f ). It has a lower frequency than the other C-H stretching frequencies. Here, the C3-H bond-length is slightly smaller than the other C-H ones. The orientation of the C3-H bond with respect to the cyclohexene ring and the tert-butyl group depends on the buckling of the ring, which affects also the relative position of cyclohexene and tert-butyl. The C3-H bond-length for conformer A is larger than for conformer B. Thus, this mode is found at slightly different frequencies for the two conformers. Since the inset of the other C-H stretching frequencies is the same value, the difference between the C3-H frequency and the other C-H frequencies should be experimentally detectable. A mode which is characteristic for the tert-butyl group is given by the rotation of the tert-butyl group around the C3-C7 axis, where also the center of mass of tert-butyl is located (see Fig. 5c ). Even if this mode does not vary between the conformers, it would appear at a different frequency if another alkene group would be attached to the cyclohexene or of the tert-butyl group is contained by impurities and thus, the center of mass is not on the C3-C7 axis any more. Similarly, there is a mode at ≈700 cm −1 to which only cyclohexene contributes (see Fig. 5b ). However, this mode is not characterized by a rotation. There is also a mode indicating a change of the buckling of the cyclohexene ring, which I call here cyclohexene buckling mode (see Fig. 5d ). The characteristics of this mode is the opposite displacement of neighboring cyclohexene C atoms. This means, that the vibration switches the molecule from one conformer to the other. This mode has been found for both conformers at nearly the same frequency at ≈1040 cm −1 . The lowest frequency for both conformers is due to a rotation around the C3-C7 axis where cyclohexene and tertbutyl rotate in the opposite direction (see Fig. 5a ). This rotation is superimposed by a movement of tert-butyl and cyclohexene toward each other. Since for the two conformers the relative position of tert-butyl and cyclohexene is different, the movement mentioned above could induce a switch from one conformer to the other. Now, I compare this last low-frequency mode with the high-frequency cyclohexene buckling mode in more detail, since both modes point to major structural differences between the conformers. Generally, a low-frequency mode has large atomic eigendisplacements, whilst the opposite is true for a high-frequency mode. Small frequencies indicate also that the effective potential has a small curvature and that a minimum is located next to a maximum. As a result of the large eigendisplacements, it might be possible that the system can overcome the energy barrier between the two conformers. This is more probable for a low-frequency mode, where the potential is flat and the eigendisplacements are larger than for a high-frequency one. In other words, this gives an indication that the transition between the two conformers might be driven by the movement of the butyl group towards the cyclohexene ring and not by buckling of cyclohexene.
Summary and discussion
I have investigated ground state and the vibrational properties of 3-tert-butylcyclohexene using ab initio methods. The bond-lengths are in agreement with results for carbon compounds. The two conformers have an oppositely buckled cyclohexene ring, which is in accordance with theoretical reference data [6] . Furthermore, I have found the same relative instability of the two conformers as McCann and Stevens [6] . Concerning the vibrational density of states, I have been able to trace back the differences between LDA and GGA results to a difference in the bond-length obtained by the two approaches as well as to the difference in the description of the electronic contribution to the inter-atomic force constants. An analysis of the vDOS with respect to contributions of the cyclohexene ring and the tert-butyl group allowed a prediction of spectral changes in case of a different composition of the molecule. Most of the vibrational modes have a delocalized character and thus, no large differences between the conformers in the vDOS are expected. This has been confirmed by a comparison of the vDOS of the two conformers. The few detectable differences in the vDOS have been found in the low-frequency range of the spectra and at the C-H stretching frequency. The latter one has been identified as the C3-H stretching frequency which is affected by the buckling of the cyclohexene ring and the relative position of the tert-butyl group with respect to the cyclohexene ring. An investigation of the differences in the low-frequency range of the vDOS shows, that some modes of the tert-butyl group appear at nearly the same frequencies for both conformers, whereas other modes (tert-butyl ones and cyclohexene ones or mixed) show no comparable eigendisplacement pattern. I have identified some vibrational modes which are characteristic for 3-tert-butylcyclohexene: besides the C3-H stretching frequency there is a double-bond stretching frequency which appears in the frequency gap, a tert-butyl rotation frequency, and the cyclohexene buckling mode. Furthermore, I have identified a mode that shows an opposing rotation of cyclohexene and tert-butyl around the C3-C7 axis together with a wagging of cyclohexene and tert-butyl. The latter has been found at the lowest frequency indicating that this movement is responsible for the relative instability of the two conformers. With this investigation I have identified detectable differences of the two conformers in the vibrational spectra of 3-tert-butylcyclohexene as well as the characteristic modes of the molecule composed by tert-butylcyclohexene and cyclohexene, which can be used as reference for experimental spectra of this molecule and similar ones.
